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Magmatic-Hydrothermal System of the Shuteen
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Chapter I : Introductiou 
Copper porphyry ore deposits, which form in the proximity of volcano-plutonic complexes in 
magmatic arcs, display the effects of interactions involving a broad Fange of fiuid-types and 
host rocks. The copper porphyry deposits are typically associated with andesitic to dacitic 
magmatism. 
Many geoscientists have considered the relationships between the complex hydrothermal 
system, the magmatic roots to the system, and the nature of porphyry ore mineralization, 
whilst this thesis focuses on the magmatic and hydrothermal evolution of the copper-
mineralized Shuteen foss{1 magmatic-hydrothermai system (South Gobi, Mongolia). The main 
aim of this thesis is to decipher the magFnatic-hydrothermal processes at the Shutcen Complex 
(Mongolia), and its relation to copper porphyry-style mineralization. 
Chapter 2 : Geology of the Shuteen Complex 
Previous studies undertaken in the Shuteen area, particularly concerning the geology of the 
Shuteen Complex, are summarized in Chapter 2. The Shuteen area is situated in the volcanic 
arc Gui'vansaikhan terrain, in a fossil subduction zone tectonic setting. Dusiin Ovoo 
Formation volcanic rocks and the multi-stage Shuteen Pluton make up the ring-structured 
volcano-plutonic Shuteen Complex, Regional faultiErg provides the main structural control 
around the Shuteen Complex, whereas diagonal cross-faults play an important role in the 
formation of the Shuteen ring structure, 
Local silicification, argillic and proylitic alteration are evident at the Shuteen Complex, and 
complement copper porphyry ore mineralization. Based on detailed geological and 
exploration work, several copper mineralized zones have been identified from surface 
geochemical anomalies and geophysical data. In particular, the Shuteen-Khanbogd (main 
alteration zone: MAZ), Khar Tolgoi, and Bayan Khoshuu zones are highly prospective for 
copper porphyry-style ore mineralization. In addition, Au-bearing quartz and metasomatic 
quartz-tourmaline veins, and alunite-metasomatic occurrences occur on the periphery of the 
MAZ, within the Shuteen Complex. 
Chapter 3 : Magmatic proeesses in the Shuteen Complex 
Chapter 3 focuses on the petrochemistry, petrology, Rb-Sr isotope systematics, absolute 
geochronological age data, as well as inferenccs on the origin of magma source and probable 
magmatic processes responsible for the formation of the Shuteen Complex. The relationship 
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between volcanic and plutonic rocks at Shuteen, including geochemical characteristics of the 
Shuteen Complex and their similarity to adakite-type igneous rocks are also outlined. 
Dusiin Ovoo Fumation andesites and Shuteen Pluton granitoids show consistent mineral 
relationships. Based on petrographic examination and minera] interrelationships, the 
crystallization order of rock-forming minerals within the Shuteen Complex is : Clinopyroxene 
+ plagioclase (1) ~~ Hornblende + plagioclase (H) + Biotite ~ Quartz + Orthoclase. 
Using a numerical modeling approach, up to 309~o hornblende:plagioclase fractional 
crystallization is required to produce the range of chemical compositions evident within the 
Shuteen Complex. The Shuteen andesite and granitoids have similar rock-forming mineral 
assemblages, petrochemical characteristics, comparable initial Sr and Nd isotope ratios, 8Sr 
and 8Nd data, which prove that the Shuteen volcanic and plutonic rocks have a co-magmatic 
relationship, and derive from tbe same magma source. According to the Rb-Sr whole rock 
isochron age, the complex was formed in Middle Carboniferous time (Fig, 1). 
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Figure I , Rb-Sr whole-rock isochron diagram for 
the Shuteen Pluton. The linear array is defined for 
both the plutonic and andesite samples. 
chemically similar to adakite-type 
igneous rocks (Table 1): the complex 
is silica saturated Si02 ~~56 9:~o, high 
Al203 ;~15 %, MgO <6 %. Y ~18 
ppm, Yb ~ I ,9 ppm, depleted HREE, 
high Sr >400 ppm, Iow HFSE, high 
Sr/Y and 87Sr/g6Sr <0.7040. It formed 
wiihin an island arc setting, with 
partial melting inferred to be 
responsible for their petrogenesis. 
The primary Shuteen magma has 
":idakitic" composition, which is 
most likely derived by slab melting of 
subducting oceanic crust, as well as 
minor loca~ interaction with mantle 
material during their ascent. 
Quantitative modeling, major element mass balance and trace element batch partial melt 
equilibrium considerations demonstrate that the subducting slab contains oceanic basalt and a 
minor amount of overlying oceanic sediment. The mixed source forms the Shuteen magma, 
and leaves a restite eclogite phase. The inferred magmatic processes responsible for 
development of the Shuteen Complex are: subduction dehydration, partiai melting, magma 
uplifting, and subsequent intrusion(s). 
Chapter 4 : Hydrotherma] processes in the Shuteela Complex 
The Shuteen Complex hosts a fossil hydrothermal system, with its evolution, past physicai 
conditions, character of its magmatic-hydrothermal fluids, and nature of its associated ore 
mineralization being the main issues examined in Chapter 4. Here, SEM-CL imaging and 
fluid inclusion microthermometry are key tools used to decipher hydrothermal processes that 
have altered rocks of the Shuteen Complex, the role of the magmatic and hydrothermal fluids 
in its related ore mineralization, and the nature of hydrothermal vein formation. 
Fluid inclusions microthermometry underlines the fact that the Shuteen Complex once hosted 
a large, high-temperature, fossil magmatic-hydrothermal system, which evolved during its 
lifetime. Based on fluid inclusion evidence (i.e. highly saline fluid inclusions, with C02 and 
vapor rich phases), magmatic fluid which likely composed the prirnary ore-depositing fluid, 
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Table I . Comparison table for the typical adakite characteristics to the Shuteen Complex. 
  Shutecn Complex 
   Adakite Characteristics (Dcfant and Drummond ( 1990, 1993), Drununond and Defant (1 990) Andesite Granitoids 
    a S i lica oversaturated (i.e. bearing normative quartz) 4 - 300/0 normative quartz 5 - 400/c normative quartz 
    2 Si02 >56 wtolo 52.95 - 63.48 wt% Si02 49.94 - 77.87 wt% Si02 
    3 High Al203, >15 wt9~o 15.45 - 1 8.02 wt% Al203 ~2.37 - 20.06 wt% Al203 
    4 Low Y, <i 8 ppm Low Yb, <1 ,9 ppm 1 11 .3 - 22.8 ppm Y (av. 16.7 ppm) 1 .8 ppm Yb 8.4 - 26.3 ppm Y (av. 16.8 ppm) 0.6 - I .1 ppm Yb 
    5 La/Yb, >20 Zr/Sm. >50 La/Yb, 7.4 - 12.3N Zr/Sm, 38 La/Yb, 9.9 - 16.8N Zr/Sm, 35 - 128 
    6 Positive Sr and Eu anomaly Slightly positive Slightly positive 
    7 Sr rich, >400 ppm Sr i 30 - 982 ppnl Sr (av. 604 ppm) 594 - 1 399 ppm Sr (av. 8~ 6ppm) 
    8 Low HREE LREE enrichcd, HREE depleted J.REE enriched, HREE depleted 
    9 High Sr~r, >40 Sr/Y, av 5 1 .3 Sr/Y, av 42.2 
    10 Low initial Sr isotopic ratio, 87 B6 Sr/ Sr <0.704 0.70376 - 0.70394 37sr/g6Sr O 70376 O 70408 37srf6sr 
    ll High Nd isotopic ratio, ~43Nd/i44Nd 0.5 1252 - 0.5 1260 143Ndf 44Nd 0.51 255 - 0.5 { 258 i43Ndf 44Nd 
    12 Possible normative corundum 0.8% normative C 0.3 - Io/o normative C 
during the initial development-stage of Shuteen hydrothermal-magmatic system, was >500~C 
and 0.6 kbar. Evidence also points to the likelihood of uplift of the Shuteen Pluton being 
largely rcsponsible for phase separation, which produced fluids responsible for the high saline 
inclusions, with C02 and vapor-rich phases. 
Copper mineralization associated with the Shuteen Complex is inferred to be strongly related 
to early magmatic fluid input into the overlying voicanic-plutonic rocks. In somewhat later 
stages, hydrothermal fluid activity was dominant in the evolution of the Shuteen magmatic-
hydrothennal system (i.e., at epithennal conditions, with reservoir fluid of (mean) 220"C, and 
12 to 23 wt.9~o NaCl,q. salinity). Boiling and pressure fluctuations at this time resulted in fluids 
with a wide range of temperature and salinity, as well as overall cooiing of the system. High 
salinity, intermediate-low temperature secondary fluid inclusions in quartz from Shuteen 
Complex volcanic and granitoid rocks may have a genetic relationship to slow cooled, 
separated liquid phases that evolved during early development stage(s) of the magmatic-
hydrothennal system. In addition, extensive f,aulting of the Shuteen Complex, and associated 
rock fracturing during the late stage(s) of the magmatic-hydrothermal system, resulted in the 
ingress of meteoric waters which mixed with upwelling, deeply-sourced fluids. 
SEM-CL imaging highlights a complex history of vein formation and repeated fracturing in 
the Shuteen magmatic-hydrothermal system. SEM-CL imaging of vein quartz crystals has 
provided evidence of multi-stage crystal growth, dissolution, recrystallization and 
microfracturing. The (vein) quartz crystal cores grew in a 345 :b30"C Iiquid reservoir (of 6.5 -
7.7 wt% NaCleq salinity) towards the periphery of the main fossil Shuteen hydrothermal 
system. Quartz crystal edges contain micron-scale bands of CL-darkjbright quartz, containing 
fluid inclusions that are inferred here to have been trapped during a late period of crystal 
growth, from cooler less saline fluids (260 ~25~C; 2.7 - 3.7, wt9~o NaCl*q) (Fig. 2 A and B). 
Integration of the fluid inclusion microthermometry and SEM-CL imaging shows clear 
evidence of progressive magmatic and hydrothermal fluid input into the development of the 
Shuteen magmatic-hydrothermal system. Microthermometric changes during quartz vein 
Crysta~ cores 343 
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Figure 2A. Range of homogenization temperature 
values for fluid inclusions in different parts of the 
vein quartz, as revealed by SEM-CL imaging. 
Figure 2B. SEM-CL image of the vein 
quartz where microthermometry was 
undertaken: G) CL-grey, euhedral quartz 
core; ~) Growth zoning at the crystals 
edges, inferred to have gown into open 
space; R Interstitial quartz infilling the 
resultant space; C Microfractures. 
formation, and nature of mineral precipitation textures, during the breccia/vein formation 
demonstrates that hydrothermal fluid composition was changing, underlines progressive 
evolution process and that the Shuteen magmatic-hydrothermal system was not associated 
with a single hydrothermal event. WRI modeling shows that the acid-boiling hydrothermal 
fluid reaction with the Shuteen andesite could produce the hydrothermal mineral assemblages 
evident in the MAZ of the Shuteen Complex. Calculated results point to a higl]-temperature 
hydrothermal mineral assemblage, that iucludes quartz, alunite, andalusite, hematite and 
kaolinite, whilst at lower temperature chalcedony, kaolinite and pyrophyllite are formed. 
There is also evidence that separate fluid pulses are necessary to generate the entire range of 
alteration mineral assemblages observed in the Shuteen Complex. 
Chapter 5: Magmatic-Hydrothermal evolution of the Shuteen Complex 
Chapter 5 describes the magmatic-hydrothermal evolution of the Shuteen Complex using a 
sithplified model of the system. The model shows how subduction related andesitic volcanism 
occurred in Middle Carboniferous times, whilst multiphase intrusions crystal~ized beneath the 
volcanic structure, together making up the Shuteen Complex. Based on fluid inclusion 
microthermometry, polyphase brine and C02 mclusions in the porphyritic granitoids derive 
from magmatic fluids of >350'C, that circulated through the Shuteen Complex. The magmatic 
fluids are inferred to have produced intense host rock alteration and weak copper porphyry-
style mineralization. The multi-stage Shuteen Pluton was the likely heat source for the 
Shuteen magmatic-hydrothermal system. Subsequently, meteoric-derived hydrothennal 
activity, with epithermal-type fluids (mean 220"C and 12.5 NaCl*q) evolved in upper parts of 
the Shuteen Complex. Hydrotherrnal fluid activity is inferred to have been associated with 
multistage pulses, of variable temperature conditions and fluid chemistry. At the present day 
erosion level of the Shuteen Complex, a multiple-phase, fossil magmatic-hydrothermal 
system, mineralization and hydrothermal alteration is exposed at the ground surface. 
Chapter 6: Conclusions 
This chapter summarizes the results and interpretations presented in the preceding discussions. 
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ド 論文審査結果の要旨
 現在,世界の銅資源は主として斑岩銅鉱床からもたらされており,モンゴル国,南ゴビ
 地方にもいくつかの斑岩銅鉱床が発見され,銅は同国の主要な輸出産品となっている.南
 ゴビ地方は古生代に島弧環境にあり,沈み込む海洋プレートに関係する地質現象が生じて
 いたと推定されているが,この地方の火成岩の成因,マグマの特徴,および鉱化作用との
 関連については系統的な研究が行われておらず,特に,関係火成岩と斑岩銅鉱床形成との
 関係については未解明であり,今後の鉱床探査の指針を得るうえで新たな研究手法の開発
 とその適用が要求されていた.本論文は,南ゴビ地方の分布するShuteen鉱化岩体のマグ
 マ作用と熱水作用についてまとめたもので,全編6章よりなる.
 第1章は緒論であり,本研究の背景,Shuteen地域の探査史などをまとめ,本研究科の
 目的について述べている.
 第2章は,Shuteen地域の地質について述べ,Shuteen岩体は,安山岩と花腐岩質岩か
 らなる複合岩体であり,リング状の貫入構造を呈し,またリング構造の内部および周縁部
 には,銅とモリブデンの鉱化作用が認められること,金を含有する石英脈が分布する明ら
 かにしており,本論文の基礎となっている.
 第3章は,Shuteen複合岩体のマグマプロセスを明らかにしており,安山岩と花崗岩質
 岩は共通のマグマ源から生成し,またその岩石化学的な特徴から,沈み込む海洋プレート
 の溶融により形成されたアダカイト質マグマが起源であり,マントルとの相互作用がなく,
 海洋底堆積物,海洋玄武岩およびエクロジャイトから,この複合岩体のマグマが形成され
 たことを明らかにしている,さらに,年代学的検討から,複合岩体の正確な形成年代と地
 質学的な形成環境を明らかにしている.これらの結果,この複合岩体は,石灰紀に,沈み
 込む海洋地殻の溶融に起因して形成したことを明確にした.現在はユーラシア大陸内陸部
 に位置する岩体であるが,古生代(石灰紀)には沈み込み帯に位置する島弧環境で形成さ
 れたことを明らかにしている.これは有用な知見である.
 第4章は,S込uteen複合岩体が被った熱水変質作用を明らかにしている.特にSEMに付
 属させたカソードルミネッセン'ス検出装置により,従来法では得られなかった熱水性の石
 英組織の詳細な観察が可能となった,組織観察と流体包有物の諸特性とを合わせて解析す
 ることにより,熱水活動の区分が行えた.この方法は他の斑岩銅鉱床など,流体が関与す
 る鉱床の形成メカニズムの解明に広く応用することができるきわめて重要な成果である.
 第5章は,Shuteen複合岩体のマグマー熱水システムの進化についてまとめ,後期古生
 代での本地域のテクトニクスと合わせて,複合岩体の形成,鉱床の形成の時間発展を明ら
 かにしている.
 第6章は結論である.
 以上要するに,本論文は,モンゴル国のShuteen火山岩一深成岩複合岩体の成因と形成
 環境を明らかにし,また,鉱化作用や熱水作用を解明する新たな研究手法の提案とその有
 効性を示しており,資源開発工学,環境科学に資するところが少なくない.
 よって,本論文は博士(学術)として合格と認める.
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